).
The expression pattern and activity of fibroblast growth factor-8 (FGF8) in experimental assays indicate that it has important roles in limb development [1] [2] [3] , but early embryonic lethality resulting from mutation of Fgf8 in the germ line of mice has prevented direct assessment of these roles 4 . Here we report that conditional disruption of Fgf8 in the forelimb of developing mice bypasses embryonic lethality and reveals a requirement for Fgf8 in the formation of the stylopod, anterior zeugopod and autopod. Lack of Fgf8 in the apical ectodermal ridge (AER) alters expression of other Fgf genes, Shh and Bmp2.
The AER provides signals to maintain mesenchymal cells, in a proliferative state, in the progress zone 5, 6 (PZ) of the limb bud . A favoured model to explain progressive formation of the limb bones postulates that the first cells to leave the PZ form the most proximal element, the stylopod (humerus or femur). Under continued influence of the AER, PZ cells acquire more distal fates and depart the PZ to form the zeugopod and then the autopod 6 .
Exogenous FGF8 can induce ectopic limbs 3, [7] [8] [9] and replace the AER to support continued limb development 2, 3, 7 . Limb patterning along the anterior-posterior axis requires interaction between the zone of polarizing activity (ZPA) and AER. Shh, a proposed mediator of polarizing activity 10 , can be induced and maintained by FGF8 in the absence of the AER (refs 3,7) . Though other FGFs are expressed in the AER and display similar in vitro activities [10] [11] [12] [13] [14] , it is unknown if they are functionally equivalent in vivo.
To directly assess the role of Fgf8 during mouse limb development, we used gene targeting to generate null and conditional alleles of Fgf8 (ref. 15) . We produced mice bearing a null allele of Fgf8 (Fgf8 tm1Mrc , hereafter referred to as Fgf8 N ; Fig. 1a ). No living Fgf8 N/N mice were detected among progeny of heterozygote intercrosses after embryonic day (E) 9.5 (ref. 4) .
The Fgf8 conditional allele (Fgf8 tm2Mrc , hereafter Fgf8 C ) was generated by positioning loxP sites within Fgf8 such that Cre recombinase, when expressed, deletes exon 5, creating a nonfunctional allele (Fig. 1a) . To avoid hypomorphic effects resulting from the presence of the neomycin phosphotransferase gene (neo r ), the Frt-flanked neo r was removed from this allele by zygote injection of a Flprecombinase gene 16 (Fig. 1a) . Fgf8 C/C and Fgf8 C/N mice are born at the expected frequency, have normal limb, craniofacial and cerebellar development, and survive to be fertile adults. The Fgf8 C allele expresses the human alkaline phosphatase gene (AP) under control of Fgf8 regulatory elements following Cre-mediated inactivation of Fgf8. This provides a sensitive method for evaluating Cre-mediated excision of Fgf8. We generated another conditional allele that retained neo r . Mice homozygous and heterozygous for this allele expressed Fgf8 in the AER and had normal limbs (Fig. 3b) . Although limb development proceeded normally in these animals, this allele is hypomorphic with regard to craniofacial and central nervous system development (Fig. 2b , and data not shown). Because both conditional alleles yielded indistinguishable results with respect to limb development, they were used interchangeably and will be referred to as Fgf8 C . 
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Fgf8 C was conditionally inactivated with a Cre transgene under transcriptional control of the retinoic acid receptor β2 promoter (official nomenclature: Tg(Rarb/Cre)1Mrc, henceforth referred to as RARCre). We, and others, have shown that this promoter is active in the developing forelimb region of transgenic mice before E9.0 (refs 13,17,18) . Thus, RARCre is active early enough to result in complete inactivation of Fgf8 in its expression domains in the forelimb [1] [2] [3] . Because RARCre is expressed in every cell of the forelimb AER, but in only a few cells of the hindlimb AER (ref. 13) , the hindlimbs of an embryo serve as internal controls for the phenotypic consequences of complete RARCre-mediated inactivation of Fgf8 in the forelimbs. To demonstrate the forelimb specificity and timing of RARCre activity, we assayed for alkaline phosphatase activity in embryos containing an Fgf8 C allele and RARCre. We detected AP activity uniformly throughout the forelimb AER from the time of its formation (Fig. 2c) , and in the ventral ectoderm of E9.0 forelimbs 1,2 (data not shown).
To prove that RARCre-mediated recombination completely disrupted Fgf8 function in the forelimb AER, we performed RNA in situ hybridization using an antisense Fgf8 riboprobe. We detected Fgf8 mRNA in both forelimb and hindlimb AERs of Fgf8 C/N embryos (no RARCre transgene), at expected levels relative to wild type. In contrast, Fgf8 transcripts were detected in hindlimb, but not in forelimb, AER of the conditional mutants (Fgf8 CR/N ; Fig. 2a,b) . We did not find Fgf8 transcripts in forelimbs of E9.0-12.0 mutant mice (data not shown).
Fgf8 inactivation in the forelimb AER resulted in aplasia of the radius and first digit with 100% penetrance (Fig. 3b) . The humerus and second digit were also absent from most conditional mutants (Fig. 3b) . When present, the humerus was hypoplastic. The ulna was thickened and bowed; carpal bones were variably fused and/or absent. The effects of Fgf8 inactivation were visible in mutants as early as E10.0; the limb buds were smaller and abnormally shaped, with loss of anterior mesenchyme and disorganization and deterioration of the AER (Figs 2-5 ).
The absence of anterior forelimb elements from conditional mutants, although Fgf8 is deleted throughout the AER, demonstrates that Fgf8 is absolutely required only in the anterior AER. Fgf4 is expressed predominantly in the posterior AER and may compensate for the loss of posterior Fgf8. At E11.5, when AER Fgf4 expression is normally waning, we detected increased Fgf4 transcripts in conditional mutants (Fig. 4a,b, n=5 ). The intensity of the Fgf4 signal is higher than that detected at any stage in controls (n=20). A slight increase in Fgf4 expression was observed in Fgf8 C/N embryos (≤50% of the normal amount of Fgf8 transcripts). Thus, the amount of Fgf4 mRNA in the AER inversely correlates with a decrease (Fgf8 C/N ) or loss (Fgf8 CR/N ) of Fgf8 in these cells. This observation suggests that levels of Fgf4 and Fgf8 are coregulated in the AER through an Fgf8-mediated negative regulatory mechanism (Fig. 4c) , ensuring balanced production of these factors to mediate proper limb outgrowth. This hypothesis predicts that loss of both Fgf4 and Fgf8 function in the AER will result in truncation of the entire limb.
The loss of mesenchyme and AER in the anterior forelimb buds of conditional mutants can be partially explained by the increased apoptosis we observed in this region of E10.5 mutant embryos (Fig. 5a, n=5 mutants, n=25 controls) . No differences in cell death were detected at E9.0 and E11.5 (data not shown).
The deficiency of anterior mesenchyme and skeletal phenotype of mutant forelimbs is similar to that described in chick embryos after anterior AER resection 19, 20 . In addition to increased apop- (Fig. 5b,c) . Expression appeared normal in the posterior forelimb mesenchyme at E10.5, but decreased in the anterior half of the mutant forelimb. At E11.5, Fgf10 expression appeared to be decreased in both the anterior and posterior extremes of the forelimb mesenchyme, suggesting that Fgf8 signalling positively regulates Fgf10. Given that Fgf4 expression is increased in the AER of Fgf8 conditional mutant forelimbs, and that Fgf4 has been postulated to maintain Shh expression through a positive feedback loop 24, 25 , we were surprised to find that Shh expression was decreased at E11.5 in Fgf8 conditional mutants (Fig. 6a,b, n=6) . We, and others, have shown that Shh expression is normal in Fgf4 conditional mutants 13, 14 . Our results suggest that Fgf8, rather than Fgf4, is required to maintain Shh expression.
Shh is thought to guide anterior-posterior patterning by inducing asymmetric expression of downstream genes (5´ Hoxd genes, Bmp2; refs 10,24). Bmp2 expression, however, appeared normal or slightly increased in conditional mutants at E10.5, and was increased at E11.5 in the forelimbs of these animals (Fig.  6c,d) . These results are consistent with reports that asymmetry of gene expression in the limb mesoderm is not dependent on Shh expression 26 and suggests that Bmp2 may be responsive to Fgf levels in the AER.
By conditionally inactivating Fgf8 in the developing forelimb, we have demonstrated that Fgf8 is required for formation of elements along the entire proximal-distal limb axis. That normal onset of Fgf4 expression is later than that of Fgf8 may explain aplasia of the humerus in most conditional mutants. Incomplete penetrance of this phenotype may reflect inherent variability in the relative timing of Fgf8 inactivation and onset of Fgf4 expression. Even when the humerus is formed in these mutants, it is very hypoplastic, suggesting an ongoing requirement for Fgf8 during humerus formation. Failure to form anterior components of the zeugopod and autopod may reflect the lack of spatial overlap between Fgf8 and Fgf4 expression in the anterior AER. As a result, Fgf10 expression is decreased in the anterior PZ and there is increased apoptosis in this region of the limb bud.
The accompanying paper by Lewandoski et al. 27 also describes a Cre/loxP-mediated Fgf8 conditional limb phenotype. The limb phenotypes obtained with the two different systems are instructive. Distinct patterns of Cre-transgene expression and subtle differences in the Fig. 3 Morphology of Fgf8 conditional mutants. a, Gross morphology of newborn and postnatal day 1 animals and forelimbs. Conditional mutants (Fgf8 CR/N ) display severe forelimb deformity resulting from ablation of Fgf8 function during forelimb development. b, Skeleton preparations of limbs of newborns. The radius and first digit were absent from 100% (27/27) of conditional mutants (red arrowheads). Most also lacked the humerus (blue arrowhead; 19/27, 70%) and a second digit (14/27, 52%). At low penetrance (2/18, 10%), animals generated with the hypomorphic conditional allele lacked the first hindlimb digit, indicating that formation of this structure is sensitive to decreased levels of Fgf8; in animals bearing the nonhypomorphic conditional allele, this digit was always present. r, radius; h, humerus; s, scapula; c, clavicle; u, ulna. c, Photomicrographs of E10.0 and E11.5 forelimb buds from conditional mutants and control littermates. Arrows point from anterior to posterior. Fixed, dehydrated embryos were briefly stained with eosin and haematoxylin to improve contrast. The deficiency in outgrowth and anterior mesenchyme is already apparent by E10.0, consistent with onset of Cre activity in the forelimb before E9.5. relative patterns of Fgf4 and Fgf8 expression in the fore-and hindlimbs likely account for the differences in mutant phenotypes reported. Both studies emphasize the importance of knowing the timing, location and efficiency of Cre-mediated inactivation to interpreting the resulting phenotype. Inclusion of a reporter gene that is concomitantly activated with the excision reaction is ideal 13 . The RARβ2 promoter we used to regulate Cre is expressed before AER formation in the forelimb buds, but minimally in the hindlimbs. We therefore anticipated and observed defects in forelimb development. The Msx2 promoter used by Lewandoski et al. to drive Cre is not expressed sufficiently early to completely ablate Fgf8 function during forelimb formation, resulting in a complex forelimb phenotype. The Msx2 promoter is expressed early enough in the posterior embryo to yield clear hindlimb defects.
The respective forelimb and hindlimb defects observed in the two studies, although similar, are not identical. With the RARCre transgene the radius is not formed, whereas with Msx2Cre, the tibia (hindlimb radius equivalent) is formed. Careful comparison of Fgf4 and Fgf8 expression in normal embryos reveals greater overlap anteriorly in the hindlimb AER than in the forelimb AER. This would allow Fgf4 to better compensate for loss of Fgf8 in the anterior hindlimb AER and 'rescue' the tibia in the hindlimb. Rescue of the tibia is incomplete, however, because it is hypoplastic 27 . The first digit is not formed in either the fore-or hindlimb in these mutants because Fgf4 is not expressed in the extreme anterior AER. The difference in penetrance of aplasia of the humerus versus femur (70% versus 100%) in these two studies may be understood in terms of small differences in the relative timing of Fgf4 and Fgf8 expression in the fore-versus hindlimbs.
The formation of the distal bones in the absence of the stylopod in these conditional mutants illustrates that sequential development of proximal to distal limb elements is not obligatory. Integrated exposure to Fgfs emanating from the AER has been hypothesized to provide the 'distalizing' signal to PZ cells, which results in their progressive commitment to form more distal elements 28 . Contrary to this prediction, both studies found that complete removal of Fgf8 from the AER had more severe effects on formation of proximal than distal elements.
Limb deformities, including hemimelia with aplasia of the anterior zeugopod and autopod elements, are very common among human births (approximately 1% of humans are born with limb malformations 29 ). Our results suggest that abnormal Fgf8 function during limb development may account for some of these birth defects. 
